H.264/AVC provides various useful features such as improved coding efficiency and error robustness. These features enable mobile devices to adopt H.264 standard to achieve effective video communications. However, the encoder complexity is greatly increased mainly due to motion estimation (ME) and mode decision. In this paper, we propose a new scheme to jointly optimize intermode selection and ME using the multiresolution analysis. Experimental results show that the proposed method is over 3 times faster than other existing methods while maintaining the coding efficiency.
INTRODUCTION
Recent advances in wireless communication technology have introduced various mobile services such as multimedia message services, video on demand, and mobile video communications. Especially, there are increasing demands on mobile video communications with prevailing demands of the mobile devices equipped with camera module. To realize this service, video sequences have to be compressed with high coding efficiency and error robustness. The H.264/AVC is the state-of-the-art video compression standard recently developed by the ITU-T/ISO/IEC Joint Video Team [1] .
The H.264/AVC provides various useful features such as improved coding efficiency, error robust data partitioning, and network friendliness with the network abstraction layer (NAL). These features enable mobile devices to adopt the H.264/AVC standard to achieve effective video communications [2] . H.264/AVC supports multiple reference frames and various block sizes for ME. It uses tree-structured hierarchical macroblock (MB) partitions. There are 7 different block sizes (16 × 16, 16 × 8, 8 × 16, 8 × 8, 8 × 4, 4 × 8, and 4 × 4 blocks) that are used in a macroblock. The current H.264/AVC reference software is based on a rate-distortion optimization (RDO) framework for both ME and mode decision. Among all modules in the H.264/AVC encoder, ME and mode decision require a heavy computation, especially when RDO is used. ME has to be performed for every MB coding mode to find the best matching block. For mode decision, all possible combinations of coding modes are considered to obtain the MB with minimum cost. Moreover, since these operations are performed in multiple reference frames, the computational load significantly increases at the encoder.
The computational burden of ME can be reduced by applying fast ME methods, such as the three-step search [3] , the four-step search [4] , the diamond search [5] , and the hexagon search [6] . Recently, uneven multihexagon search (UMHexagonS) has been adopted for the fast ME in the H.264/AVC encoder reference software (JM 84) [7] . It reduces significantly the processing time of ME while maintaining the coding efficiency, but is designed without considering the multiple reference frames.
To optimize the mode decision process, the H.264/AVC software adopts the full mode decision algorithm (FMD) inducing an exhaustive computation [8] . For fast mode decision, the early termination technique [9] reduces the number of potential prediction modes. In [10, 11] , the classification methods are proposed to reduce the average number of block types while maintaining the coding performance, but require the additional processing of edge detection.
In this paper, we propose new fast ME and intermode selection techniques using the multiresolution analysis for the H.264/AVC encoder. The proposed method is based on the multiframe/multiresolution ME using hexagon searching (MFMRME-HS). For the fast intermode selection (FIMS), we introduce a bottom-up merge method using a hypothesis testing. The proposed method first splits all MBs into 4 × 4 sub-MBs and then merges the sub-MBs when they are classified as the same class by using a new hypothesis-and-test based method.
The organization of the paper is as follows. The proposed fast ME method is introduced in Section 2. In Section 3, the 2 EURASIP Journal on Applied Signal Processing
x (2) y (0) y (1) y (2) y (3) y(4) proposed fast intermode decision method is given. Finally, the simulation results are shown in Section 4 and the conclusion is described in Section 5.
THE PROPOSED MOTION ESTIMATION METHOD
The multiresolution ME (MRME) technique is a fast ME method that is an alternative to the conventional blockmatching algorithm. In the conventional MRME, motion vector (MV) is estimated at the lowest resolution (LL band) and then the estimated MV is appropriately scaled to be used as an initial bias and refined on the remained subbands of wavelet transform. By using the MRME scheme, we can reduce the number of search points while maintaining the accuracy of the estimated MV. However, adopting MRME for the H.264/AVC encoder requires discrete wavelet transform (DWT) as well as fast integer transform (FIT), which results in additional computations. The encoding architecture consisting of two different transforms is not efficient in terms of system optimization due to its additional computations and increased memory size.
In order to overcome this problem, we propose a modified FIT. Figure 1 shows the proposed four-tap modified FIT. Compared with Malvar's optimal FIT approach [12] , it requires a little additional computations and memory spaces. However, its resultant coefficients include the coefficients from both FIT and three-level Haar wavelet transform. For MRME, reference frames and a current frame should be decomposed into multilayers. After processing the modified FIT, the resultant coefficients are saved separately in the memory space of each corresponding layer. These coefficients are reused when we perform MRME for following frames. Thus, by adopting the proposed modified FIT, we can decompose the frames into three layers without additional DWT.
The detailed procedure of the modified FIT is as follows. The first step of the modified FIT decomposes 4 pixels into 
intermediate coefficients. The two intermediate coefficients y(1)
and y(4) become the coefficients for the H 0 layer. In the second step, X(0) and X(1) become the coefficients for the L 2 and H 1 layers, respectively. For MRME, the resultant coefficients are reallocated for each layer in Figure 2 . In addition, the high frequency coefficients in multilayers are utilized in the proposed mode decision method. The four coefficients from the modified FIT, X(0), X(1), X (2) , and X(3), are exactly the same as those from the original FIT. With the modified fast integer transform, we propose a fast ME algorithm using MRME, hexagon searching, and multiframe reference. The proposed method exploits the cross-correlation among the multilayers of the wavelet transform on multiframes, to reduce the computational complexity. It can achieve a smaller number of search points over other fast methods and can maintain similar or even smaller distortion error. Figure 2 shows the proposed searching patterns: the small square (SS), the uneven multihexagon grid (UMHG), and the extended hexagon (EH). The SS and UMHG searching patterns are applied to find the coarse MV at layer 2. The EH is used to refine the MV at lower layers. Figure 3 does show the concept of the proposed MFMRME-HS (multiframe/multiresolution ME using hexago nal search) method consisting of four steps. The detailed procedure is followed.
Step 1. Search the MV in the object region with small motion by using the SS searching pattern at layer 2 of the reference Byeong-Doo Choi et al.
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Step 3 Reference frame (t-1)
Step 4
Step 4 Reference frame (t-2)
Step 4 Reference frame (t-3) frame (t-1) shown in Figure 3 . If the minimum sum of absolute difference (SAD) is smaller than an initial threshold, go to Step 3 to perform MV refinement at lower layers. Otherwise, go to Step 2 to keep searching the MV at layer 2. The MV obtained from Step 1 becomes the initial search center for the next step.
Step 2. Find the MV by using the UMHG pattern at layer 2 of the reference frame (t-1) shown in Figure 3 . The MV obtained from Step 2 becomes the search center for the next step, and its corresponding minimum SAD becomes the threshold for the fast reference frame selection (FRFS) in
Step 4.
Step 3. Use the EH to refine the MV obtained from Steps 1 and 2 around the search center at lower layers. The MV refined in this step becomes a candidate of the best MV.
Step 4. Steps 2 and 3 are iterated at all the remained reference frames. For the FRFS, if the minimum SAD at layer 2 is over a threshold, MV refinement (Step 3) is not performed for its corresponding reference frame. As a result, this FRFS improves the performance of the proposed MFMRME-HS. Finally, select the best MV with the minimum SAD among all candidate MVs obtained from Step 3.
The proposed MFMRME-HS algorithm utilizes the correlation between multiframes and subbands of the wavelet transform to reduce the complexity of ME.
THE PROPOSED FAST INTERMODE SELECTION METHOD
In the H. In the intermode RDO implementation of H.264/AVC, ME is performed for all the possible block sizes to find the one with the least rate-distortion cost. The intermode decision process using Lagrange multiplier requires an extremely large time consumption, minimizing the following cost function: where s and c are the source video signal and the reconstructed video signal, respectively, QP is the quantization parameter, λ MODE is the Lagrange multiplier, SSD is the sum of the squared differences between s and c, MODE indicates an MB mode. In this section, we propose a bottom-up merge method for fast intermode selection (FIMS). Figure 4 shows the proposed bottom-up merge method. The proposed FIMS splits all 16 × 16 MBs into 4 × 4 sub-MBs and determines the class of each 4 × 4 sub-MB by using both MVs in the LL band and the edge information. The 4 × 4 sub-MBs with the same class can be merged into three ways such as modes 4, 5, or 6 shown in Figure 5 , and 8 × 8 sub-MBs merged as mode 4 can be further grouped into one of three block modes; modes 1, 2, and 3.
In order to classify 4×4 sub-MBs, we propose a new classification method based on a statistical hypothesis testing. A region tends to be homogeneous if the textures in the region have very similar spatial property. It was observed in natural video sequences that there are a lot of homogeneous regions belonging to the same video objects. When the objects move, the various parts of the objects move in a similar manner.
Homogeneous blocks in the picture would have similar motion and are very seldom split into smaller blocks [11] . An effective way of determining the homogeneous region is to use the edge information, since sub-MBs in a homogeneous region have similar edge patterns.
In the proposed method, the vertical, horizontal, and diagonal edge information as well as the motion vectors in the LL band is used to determine the homogeneous region. The vertical, horizontal, and diagonal edge information can be obtained from the absolute values of the wavelet coefficients in LH, HL, and HH bands, respectively. The test of homogeneity hypothesis is as follows. Let X = {x 0 , x 1 , x 2 , x 3 , x 4 } be the feature vector for hypothesis testing, where x 0 and x 1 are the horizontal and vertical elements of the motion vector in the LL band, x 2 is the sum of the amplitude of the coefficients in the LH band (representing the horizontal edge information), x 3 is the sum of the amplitude of the coefficients in the HL band (representing the vertical edge information), and x 4 is the sum of the amplitude of the coefficients in the HH band (representing the diagonal edge information). Assume that the elements of the feature vector are mutually independent. Since Haar transform is an orthogonal transform, the Byeong-Doo Choi et al. amplitude of each edge is independent. Using the model that is the most popular statistical model for DWT coefficients and MVs in [13, 14] , we assume that the distributions for the elements of the feature vector are Laplacian given by
When the above assumptions are adopted, the proposed classifier can be approximated to the minimum distance classifier from the Bayes decision rule. The approximated discriminant function for Laplacian distribution is given by
where i is the index of classes and j is the index of the feature vector. λ j denotes a weight for the jth element. μ i, j indicates a predetermined mean value of the jth element of the ith class. We should classify each 4 × 4 sub-MB by calculating g i (x) for all classes and obtaining the minimum g i (x). In the proposed FIMS, four different classes are defined, such as smooth region with small motion, smooth region with large motion, rough region with small motion, and rough region with large motion. If the number of 4 × 4 subblocks having the same class in an 8×8 block is three or four, the 8×8 block is recognized as the homogeneous region. For 16 × 16 blocks, the same processing is used to classify the four 8 × 8 blocks. Then, RDO using the Lagrangian cost function is performed to select the best mode among the candidate modes selected by the hypothesis testing.
The proposed FIMS does not require the optimization process minimizing the Lagrange function of (1) for all intermodes. It can reduce the number of potential intermodes. The minimum distance classifier in the FIMS requires smaller computations than the Lagrange optimization method used in the current intermode RDO implementation of the H.264/AVC. Therefore, we can reduce the computational complexity of the whole ME and intermode decision by using the proposed method.
EXPERIMENTAL RESULTS
For mobile video, good coding efficiency and low complexity are required. To implement a real-time H.264 encoding and transmission system, the profile and level are constrained due to the limited memory size, low computing power, and narrow bandwidth of the mobile network, In general, H.264 baseline profile (BP) and level 3.0 or lower are adopted for mobile video applications. The BP supports intra-and intercoding (using I-slices and P-slices) as well as entropy coding with context-adaptive variable length codes (CAVLC) [2] .
In this section, to demonstrate the effectiveness of the proposed MFMRME-HS and FIMS, simulations using test sequences including "table tennis" and "foreman" have been conducted under the following profile constraints and experimental conditions using JM 95 in Intel Pentium IV 2.8 GHz PC with 512 MB RAM: We first demonstrate the improvement of processing time. The MFMRME-HS method utilizes the modified FIT which requires the additional computations compared to the optimal FIT in [12] . Moreover, it requires the extra memory to store the DWT coefficients. The extra memory access can slow down the processing speed. In spite of the above weak 6 EURASIP Journal on Applied Signal Processing points, the proposed method adopting the MRME scheme can reduce the overall processing time due to a smaller number of search points. Moreover, by using the proposed FRFS, we can fast select the reference frame containing the best matching block. Table 1 summarizes the additional computations and advantages of the proposed MFMRME-HS. Figure 6 shows the processing time of ME for multiple references. To demonstrate the performance of the proposed ME, the processing time of the MFMRME-HS with the modified FIT is compared to that of the UMHexagonS with the conventional FIT. The proposed method is faster than UMHexagonS approach over 3 times. Figure 7 shows the value of peak-to-peak signal-to-noise ratio (PSNR) of reconstructed images for the H.264/AVC encoder reference software with the full search, UMHexagonS, and the proposed MFMRME-HS algorithm. The PSNR curves obtained by these methods are almost the same. As far as the processing time is concerned, the proposed method is quite efficient. Tables 2 and 3 show the results according to quantization parameters. When measuring the processing time of the proposed FIMS, we did not consider the processing time of the integer transform or any other part in H.264. The experimental results show that the proposed method reduces the encoding time by 60% on average. The PSNR loss is negligible with the highest loss at 0.15 dB.
CONCLUSION
In this paper, we have proposed a new scheme to jointly optimize intermode selection and ME using the multiresolution analysis. Experimental results show that the proposed MFMRME-HS method is over 3 times faster than existing Byeong-Doo Choi et al. ME methods while maintaining the visual quality. Moreover, the proposed mode decision method has reduced the encoding time by 60% on average. The PSNR loss is negligible with the highest loss at 0.15 dB.
Experimental results indicate that the proposed fast motion estimation and interprediction method enable the H.264/AVC coder to be effectively adopted for the mobile video communication.
